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Departments of Vascular and Endovascular Surgery and 1Medical Physics, St. James's University Hospital, 
Leeds, U.K. 
Objective: To measure non-invasively the impedance index of a range of geometries ofPTFE end-to-side anastomoses 
(ESA). 
Design: In vitro experiments u ing a custom-built flow rig. 
Subjects: Anastomoses constructed ateach angle. (15 °, 30 °, 45 °, 60 °, 90 °, 120 °) for both standard and cuffed ESA. 
Results: The impedance index of each ESA increased non-linearly with flow rate. The impedance index at a given flow 
rate was reduced by decreasing the anastomotic angle and further reduced by the addition of a Miller cuff. 
Conclusions: The reduction i  impedance index achieved with a Miller cuff may help to explain the improved patency 
rates of femoropopliteal grafts incorporating a cuff. 
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Introduction 
Autogenous aphenous vein is the conduit of choice 
for arterial bypasses in the leg, but when no suitable 
venous conduit is available, a prosthetic graft such as 
PTFE is an established alternative. While the patency 
rates for PTFE grafts to the above-knee popliteal artery 
compare favourably with those for vein grafts, the 
same cannot be said for more distal bypasses. 1 The 
addition of a venous cuff at the distal anastomosis 
may improve patency rates of prosthetic grafts to both 
the below-knee popliteal artery 2and the tibial vessels,  
The mechanism behind this improvement is unclear. 
The relatively large volume of the venous cuff may 
be able to accommodate more neointimal hyperplasia 
(NIH) before flow is significantly affected; 4 flow fields 
in a cuffed ESA may impede the development of NIH; 
or the benefit of the cuff may be in reducing the 
technical error rate at the distal anastomosis. 2 The cuff 
also appears to have a haemodynamic benefit which 
is shown by the improved flow rates obtained in in 
vitro anastomoses onto small vessels. 5 It is the haemo- 
dynamic aspect which is investigated in this study. 
In situations of steady, non-turbulent flow it is ap- 
propriate to calculate a resistance value for an ana- 
stomosis by dividing the pressure drop across the 
anastomosis (P1-P2) by the volume flow (Q). In the 
presence of pulsatile pressure, and flow which may 
not be laminar, the calculated resistance is a complex 
function of flow and pulsatile frequency. Impedance 
is a measure of resistance in pulsatile circuits which 
is frequency-dependent a d may be used to describe 
the consequent haemodynamic disturbances as- 
sociated with ESA. Changes in the geometry of ESA 
are known to alter flow, distribution of shear forces 
and the dissipation of energy. 6'7 The addition of a 
vein cuff is said to establish vortices that change the 
distribution of NIH and favour an increase in patency. 4 
Since impedance will be affected by ESA geometry, 
impedance analysis may be able to identify a haemo- 
dynamically favourable ESA. 
Different measures of impedance may be made in 
pulsatile flow. This paper uses a previously described 
non-invasive method, validated in the clinical setting 
of graft surveillance. 8 The measurement made is an 
index of impedance and is used to assess a range of 
anastomotic geometries. 
Materials and Methods 
Construction of the anastomoses 
* Please address all correspondence to: L. D. Wijesinghe, Department 
of Vascular and Endovascular Surgery, St James's University 
Hospital, Beckett Street, Leeds LS9 7TF, U.K. 
Anastomoses were constructed from PTFE (Impra, 
Arizona, U.S.A.) using 60 prolene sutures 
(Sherwood, Davis and Geck, U.K.) under loupe ( x 2.5) 
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Fig. 1. Diagram showing the lengths of PTFE used in construction 
of the anastomoses. 
magnification at angles of 15 ° , 30 ° , 45 ° , 60 ° , 90 ° , 120 ° 
either with or without a i cm high PTFE Miller cuff. 
The inflow vessel was 6 mm diameter PTFE and 10 cm 
long. The outflow was 4 mm diameter PTFE and it 
was ensured that the length from the heel of the 
anastomosis to the end of the outflow segment was 
always 10cm regardless of the length of the ana- 
stomosis (Fig. 1). 
The length of the anastomosis needed to produce 
the desired angle was calculated as follows. The cross 
sectional area of the inflow PTFE is ;¢ x 3 2 mm 2. This 
cross section is forced to become elliptical as it ap- 
proaches the anastomosis. The area of an ellipse is 
given by ~(rl x r2) where r~ is the longest radius and 
r 2 is the shortest. In this case r 2 is chosen to be 2 mm 
so that the diameter of 4 mm will match the diameter 
of the PTFE outflow. If the area of the ellipse is to be 
the same as the area of the circular cross section (Fig. 
2) then the longest radius Lop/2 is given by the formula 
L 
lr(~ z x 2) = x x 32 
ellipse circle 
which is easily rearranged to give Lop = 9. Therefore if
the desired angle of the anastomosis 30 ° , the length 
of the anastomosis L h is given by sin30 °=9/Lh and so 
L, = 18 ram. The length of the level made on the inflow 
PTFE in this case is therefore also 18 mm. All lengths 
were measured using graduated callipers. The ac- 
curacy with which the desired angle was achieved 
was assessed with a goniometer, three measurements 
being made for each anastomosis. Before connection 
to the flow rig all suture holes were sealed with silicone 
sealant (Dow Corning Ltd.). 
i L h 
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Fig. 2. PTFE cross-sections and measurements used in calculation 
of the anastomoses l ngth Lh for a desired angle 0. Lop is the length 
of the opposite side in the right-angled triangle. 
The flow rig 
A flow rig (Fig. 3) consisted of a geared motor (Fenner 
Transmission Ltd., Leeds, U.K.) connected to perspex 
pump chambers (Industrial Plastics Ltd., Leeds, U.K.). 
The remainder of the circuit was made up of 6 mm 
diameter silicone tubing (Medasil Ltd., Leeds, U.K.) 
with appropriate connectors onto which the PTFE 
could be secured. One centimetre proximal to the 
connector for the PTFE inflow a window was cut in 
the silicone tubing and a latex patch was glued over 
it to allow the pressure pulse to be detected by a pulse 
volume cuff (SciMed Ltd., Bristol, U.K.). A plastic 
Opdop clip (SciMed Ltd., Bristol, U.K.) was fixed 
to the silicone tubing immediately next to the pulse 
volume cuff and an 8 MHz Doppler probe was slid 
into it within a liberal covering of ultrasound gel. The 
Doppler probe and pulse volume cuff were connected 
to a PVL-50 (SciMed Ltd., Bristol, U.K.) vascular 
laboratory. The circuit was primed with 40% glycerol 
solution containing 50 g of Sephadex particles (wet 
diameter 100-200 ~tm) which has a viscosity at room 
temperature of 0.005 Pa (the viscosity of blood at body 
temperature being between 0.0039 and 0.0053 Pa). The 
particles were found to be sufficiently good reflectors 
of ultrasound energy to allow analysis of the Doppler 
waveform by the PVL-50. The amplitude of the pump 
piston and the downstream resistor were altered to 
produce physiological flow rates through the ana- 
stomoses at a frequency of 70/rain. The flow rate in 
ml /min  was given by the mean of three i rain volume 
collections from the anastomosis outflow. Throughout 
the experiment, the calculated peripheral resistance 
units of the graft and downstream section were 
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Fig. 3. Diagram of flow rig. 
between 0.1 and 1.5 PRU. These values would be typ- 
ical of intraoperative measurements made in grafts 
with good or poor run-off respectively. 
Measurement of the impedance index 
The principle of impedance index measurement is 
described elsewhere, 8 but is summarised here. Fourier 
analysis describes pressure and velocity waveforms 
as a series of sine waves or harmonics each with a 
modulus defining the maximum excursion of the wave. 
Impedance was defined as the ratio of the pressure 
modulus to the flow modulus at each harmonic fre- 
quency. The PVL-50 is able to perform waveform 
analysis non-invasively using the pulse volume trace, 
representing pressure, and the Doppler trace, rep- 
resenting flow. The software plots a graph of the 
normalised ratio of pressure modulus to flow modulus, 
versus the frequency of the harmonic from 0 to 30 
radians. The impedance index is the area under this 
curve divided by 30. The larger the index the greater 
the impedance of the system distal to the point of 
measurement. The impedance index was measured 
for each anastomosis at various flow rates. Three 
measurements of the index were made at each ob- 
servation point to allow calculation of repeatability. 9 
Results 
Flow velocity and Reynolds number 
The velocity of flow in the PTFE sections were cal- 
culated by dividing the measured flow rate by the 
cross sectional area of the conduit and then converting 
units to metres per second. At flow rates of 49, 90, 210 
and 335 ml/min, the mean flow velocities in the 6 mm 
diameter PTFE section were 0.03, 0.05, 0.12 and 
0.20ms -1 respectively and the corresponding mean 
Reynolds numbers were 39, 71, 164 and 261. The values 
of flow rate and flow velocity are similar to those 
seen in patients with 6 mm PTFE bypasses (Table 1) 
undergoing duplex graft surveillance on an Acuson 
128 (Acuson Ltd., California, U.S.A.). The range of 
mean Reynolds numbers calculated in this study is 
comparable to those estimated in the circulation. 1°
Repeatability 
The repeatability for the measurement of the im- 
pedance index was 0.05 with a within-subject s andard 
deviation of 0.01. 
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Tab le  1. Table of measured mean velocities in PTFE  bypass  grafts 
with the corresponding calculated mean flow rates. AVF - Arterio- 
venous fistula. 
Graft description Mean Calculated 
velocity mean flow 
(m/s) (mI/min) 
Below-knee femoropopliteal 0.18 302 
Below-knee femoropopliteal with Miller cuff 0.18 302 
Below-knee femoropopliteal with Miller cuff 0.15 250 
Femoro-anterior tibial with Miller cuff+AVF 0.18 302 
Femoro-anterior tibial with Miller cuff+AVF 0.16 271 
Femoro-anterior tibial with Miller cuff 0.06 100 
Femoro-posterior tibial with Miller cuff+AVF 0.11 179 
Femoro-posterior tibial with Miller cuff 0.07 115 
Femoro-posterior tibial with Miller cuff 0.04 66 
Femoro-posterior tibial with Miller cuff 0.05 78 
Femoroperoneal 0.06 108 
The repeatability for the measurement of the an- 
astomotic angle was 8 ° with a within-subject standard 
deviation of 0.9 °. The standard ESA angles constructed 
nominally as 120 °, 90 °, 60 °, 46 °, 30 ° and 15 ° were 
found to be 125 °, 87 °, 66 °, 44 °, 32 ° and 17 ° respectively. 
When the same nominal angles were constructed with 
a Miller cuff, the corresponding measured values were 
126 ° , 90 ° , 64 ° , 46 ° , 32 ° and 15 ° . 
Impedance data 
The variation of impedance index with flow for a 
standard 30 ° ESA is shown in Fig. 4. The index appears 
to increase with flow in a non-linear fashion. At flow 
rates from 10 to 200mls/min the impedance index 
increases relatively steeply with flow but as flow in- 
creases further the impedance curve flattens off. This 
2.0 
1.5 
1.o 
1 
0.5 
I I 
+ 
+ 30 
deg 
I I__ 
0 100 200 300 400 
Flow (ml/min) 
Fig 4. Graph showing impedance index versus flow for a 30 ° end- 
to-side anastomosis without Miller cuff. The line is a curve fit of 
the form y -a  logex+b, where a and b are constants, y is the 
impedance index, and x is flow. 
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Fig. 5. Graph impedance index versus flow for all geometries 
studied. The points have been removed for clarity. Solid lines, 
standard end-to-side anastomoses; dashed lines, Miller cuff. The 
curve for the 90 ° anastomosis with Miller cuff is not shown, as it 
overlaps almost exactly with the standard 90 ° anastomosis. 
pattern is repeated for other angles (Fig. 5) although 
the initial slope of the curve appears teeper the greater 
the anastomotic angle. At any given flow rate the 
impedance index is lower for smaller angles and lower 
still in the presence of a Miller cuff. This trend is 
maintained for nearly all angles studied although the 
curves for 90 ° and 90 ° with cuff are virtually super- 
imposed. 
Applying the Mann-Whitney test to the values of 
the impedance index for each anastomotic angle at 
flows of 100, 200 and 300 ml/min,  the difference be- 
tween all possible pairs of curves in Fig. 2 is statistically 
significant (p<0.001). However, at 50 ml /min  there is 
no difference between 90 °, 60 ° with cuff, and 45°; and 
no difference between 45 ° with cuff and 30 ° . 
Discussion 
The concept of impedance is borrowed from the study 
of electricity such that an alternating voltage and 
current are seen as analogous to an alternating pressure 
gradient and an oscillating flow. Impedance meas- 
urements of the mammalian circulation have been 
made invasively using pressure transducers and flow 
probes, n These studies have helped to describe and 
quantify impedance in different vascular beds. Recent 
work using invasive techniques has investigated the 
relationship of impedance to disease progression in 
vein grafts, validating impedance measurement as a 
modality in graft assessment and in monitoring the 
success of graft repair. ~2-14 
Direct measurement of steady flow is straight- 
forward, but direct measurement of pulsatile flow 
is not. Both Doppler ultrasound and pulse volume 
recordings have been used in clinical and laboratory 
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settings to accurately measure impedance index and 
Doppler ultrasound is at least as accurate as an elec- 
tromagnetic probe for measuring flow velocity. 15-17 
Non-invasive methods of measuring impedance have 
eliminated the need for cannulating arteries and allow 
postoperative graft surveillance to be performed 
simply and effectively, s'15 To our knowledge, this is 
the first report of the use of a non-invasive method to 
assess the impedance of ESA. 
Different ypes of impedance may be considered. 
The longitudinal impedance is the impedance per unit 
length of a pipe, the characteristic impedance applies 
to a situation where no wave reflections are present and 
the input impedance expresses the ratio of oscillatory 
pressure to flow at the input region where the cir- 
culation is modified by reflections. Inherent in the 
concept of impedance is that a phase difference may 
exist between the pressure and flow waves. However, 
in our circuit the observed phase difference does not 
alter from 0 ° unless the pump frequency is changed. 
Having set the frequency at 70/min, it was not changed 
during the study and so the phase difference was fixed 
throughout. The impedance index calculated in this 
study is a non-invasive measure of the ratio of pressure 
to flow and is closest in concept o that of input 
impedance. 
The point in the circuit at which the impedence 
index is measured is just proximal to the beginning 
of the inflow PTFE segment. Therefore, the index 
measures the impedance of the circuit distal to this 
and includes the inflow and outflow segments as well 
as the anastomosis. However, the only variable in this 
part of the circuit is the anastomosis, since the lengths 
of the inflow and outflow segments are the same 
for all anastomoses. Therefore we feel confident that 
variations in impedence index are due solely to 
changes in the geometry of the ESA and the "re- 
sistance" of the downstream length of tubing. 
A pilot study had demonstrated nodifference in the 
impedance of Miller cuffs constructed from normal 
human long saphenous vein or PTFE. This is consistent 
with observations that the compliant nature of the 
vein cuff is lost as little as a week after surgery when 
judged by Doppler ultrasound. In addition sealing of 
the in vitro PTFE/vein anastomoses proved much more 
difficult han PTFE/PTFE junctions. Therefore, we felt 
justified in using PTFE cuffs in the series of ex- 
periments. 
The results of this study show a non-linear e- 
lationship between impedance index and flow rate. 
Based on the relationship of resistance to flow rate in 
steady conditions we expected either a linear re- 
lationship or one in which the slope of the curve 
became steeper at higher flow rates. It is possible that, 
at low flow rates, the impedance of the anastomoses 
was small compared to that of the PTFE inflow and 
outflow segments whereas at higher flow rates the 
anastomotic impedance dominated. The trend for the 
differences in impedance index between various ana- 
stomoses to become less significant at lower flows 
supports the view that at such flow rates the impedance 
of the anastomoses becomes mall with respect to that 
of the distal outflow. Further work being undertaken 
in our laboratories may elucidate this relationship. 
The ideal anastomosis from a haemodynamic point 
of view is one in which the resistance to fluid motion 
is low, and energy losses and flow disturbances are 
minimal. If impedance can be used as a measure of 
resistance in a pulsatile system then it seems clear that 
the apparent clinical benefit of the Miller cuff may be 
achieved by reducing this resistance. The common 
sense belief that the shallower tSe anastomosis the 
better, is corroborated by the finding of an increase in 
impedance with increasing anastomotic angle. It is 
always difficult to extrapolate the findings of in vitro 
experiments o a clinical setting, but this study may 
offer an explanation for the reports of better patency 
in cuffed prosthetic femoropopliteal bypasses. 
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